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4. Advanced Concepts for Cost
Effective Launch/nanoLaunch



1. Advanced Concepts at AFRL

________________________________________________________________

*Air Force Research Lab
*Advanced Concepts Group
*\What is an Advanced Concept?
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“Enable Future AF Missions Through the Discovery and Demonstration of

Emerging Revolutionary Technology”

Launch

Near Space

In Space

—| Small (m,<500kg)

— Medium (500kg < m < 5,000kg)

—| Large (m, > 5,000kg)

*15-50 Years
Technology Push

System Test, Launch m

& Operations TRL9

System/Subsystem TRLS
Development >

Technology
Demonstration

Technology
Development

Research to Prove
Feasibility

Basic Technology
Research

Distribution A: Approved for public release; distribution unlimited.
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\7 Advanced Concepts Group ,

g USC Activities

CHAFF Cubesat Propulsion (Future?)
*Nanosat: m, = 1-10kg.
*Cubesat: Adhere to specs.
sLightweight

*Cheap.

*Fast.

«Simple.

*Risk O.K.

*\WWrong Orbit.

Limited/No Propulsion.

== Significant DV Propulsion is Enabling.

HEATS Air Breathing Satellite (Future?)

COMPRESSION AIR INLET PROPELLANT PUMP
SHOCK LIQUID OXYGEN AUXILIARY
SEP&.FIATOR-\ /-COMPRESSOR / TANK EQUIP.
S\ E=E==a =~
e
ot
AR COOLER/ [LIU’.ID NITROGEN ELECTRIC ARC [MI-ID THRUST
TANK CHAMBER
AIR LIQUEFACTION E

*Dip lower (150km) to collect propellant.
eDramatic increase in achievable AV.
*Scooping at 7.8km/s is difficult problem...

Distribution A: Approved for public release; distribution unlimited.
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Key Performance Metric @

).4@ Candidate Technology

Time

1. Identify Key Metric.
2. ldentify Enabling Threshold.

- Insufficient Modeling Available.
- Require Unknown Breakthroughs.

3. Identify Technology Required to Cross Metric.

($/Performance)
(10x Reduction)
(Many)
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2. “The” Launch Problem

E-Space Operations Process
*Typical Launch Parameters
*Recent Launch Statistics
sl essons Learned
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Restart SECO-2
407 km Circular
at £3.4 dag

(5379 sec)

(5360 sec)

Event

ittt

Biart cona firotte-down

Core throtte at 57%

MEEITIIM dynamic precsune

Mach number = 1.05

Start strap-ons throtle-down
Sfrap-ons throtile at 57%

Two strap-ons cutof?

Jetfizon two strap-ons

Siart cona froite-up

Core throtte af 100%

Jetitson faling
Main-engine cutoflt MECC)
Siage VIl separation

Stage Ul igniton

Zacond-stage angine cutoff 1 (SECO-1)
Siage Nl igniton 2
Second-stage engine cutoff 2 (SECO-3)

Figure 2-6_ Delta IV H Sequence of Events for LED Mission (Westerm Range)
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A 2
Nz
3

Payload (LEO) [kg] 450 119,000
Cost [$] $7M $1.1B (2011%)
Cost/mass [$/kg] $15,600 $9,200
Height [m] 22.25 110.6
Diameter [m] 1.7 10.1
Wet Mass [kg] 3.32x104 3.03x108
Payload Fraction 1.4% 3.9%
Ths, [MN] 0.343 34
Piroat [GW] 0.85 130

|
Typical Launch

Energy Efficiency

Men |= Mint “Mor “ e " Har "y

*Responsiveness:
*Now: years —-> Want: weeks/days.
*Desert Storm: Sept. 1990 - Launch Feb. 1992!
*Solids (Minotaur I) > Launch in Days.

(20%)
Mass Breakdown
I\/Ilo = M fuel + I\/Istr 1 M pay
(85%) | |(14%)| |[(1-4%)
$ Efficiency
$10, 000/kg

r&d
(50%) 30% 20%

Rockets Are All We Have.

sLaunch Involves Extreme Numbers and is Extremely Difficult.
*Rockets Are an Inefficient and Expensive Way to Launch.

Distribution A: Approved for public release; distribution unlimited.
PA Clearance Number XXXXX
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Space Operations

~10% costs due to launch
«Small number of unique launches.
«Standing army for facilities/vehicles.

sIncrease launch/vehicle (all fly same).
*Need competition.

~25% costs due to spacecraft
*Nearly all space hardware is unigue.
*Extremely low risk tolerance.
sIncrease capabilities/mass.
*Expand cubesat paradigm.
-Well defined specification.
-Risk accepted.

~65% costs due to ground ops.
sLarge ground workforce.
- Automation, Simplification.

L-36 Months  L-30 Months L-24 Months

L-27 Months L-18 Months

L-15 Months

4
Program Begin Work BeginWork  OWG Begin
Intr_ad_uc:ory Begin Waork on on LSSP on PRD WG WG  Begin Work WG | work oy
Briefing to SDP _— on Payload CR
Range Safety egin Werk Begin Work Separation  Flnal
Draft SDP on on Vehicle Analysis
Submittal PMA/IRD Ico
L-9 Months L-6 Months L-3 Months L-2 Months L-1 Month L mnt
owWe i oWa z + * + *
chi OWE paylaad Final LWG T Begin Payload | MDR
Pracedures CT_UP‘I;d Begin Payload/ MR Launch
Biia 0a Vehicde EL
OR Final Final : Analyeiz Pa?lmrﬁl Integration Mission Pach & Shig
e P i F:_I;lal l\;:; i Launch Site T Reaginass ase
i . ps/| Proceseing Reviews
ue Due
SME-UZ 17418

FMA —Final Mission Analysis

G5E - Ground Support Equipment

1€D - Interface Control Document

IRD - Interface Requirernents Decument
IWG ~ Integration Working Group

LSSP - Launch Site Support Plan
LWG - Launch Working Group
MDR - Mission Dress Rehearsal
0D - Operations Directive

OR - Operations Requirements

Fig. 27-2. Typical Launch Operations Timeline.

‘OWG - Operations Working Group
PMA - Preliminary Mission Analysis
PRD - Program Requirements Document
SDP - Safety Data Package

Space operations is much more than just the launch day.
Free launch - still 90% of space operation cost.
Cheap launch is a critical part.

Distribution A: Approved for public release; distribution unlimited.
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\/ MIL and CIV Space

2000 — 2010 Launch Missions (Military) 2000 — 2010 Launch Missions (Civilian)

] Weather Observation
EarIy\é\iarnmg 4% 10%
% Research /
TecI;r;?Iogy Weather
Comm % 11%
15%
Science /
— Exploration
49%
Comm

PNT

23% NRO 30%
0

25%

*\Wide Range of Applications for Both MIL and CIV.
*Core Metric is $ per Mission Performance.
eLaunch is a Key Component of $.

Distribution A: Approved for public release; distribution unlimited.
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MIL and CIV Space
How Often?

=o=Tota
-=-MIL
Clv

=

A

[EY
(%2

JAN

Launches

B

[y
o

/

2000-2010 U.S. Averages

MIL 7.4
CIV 8.0
(U.S.) 15.4/yr

Worldwide Launches

1957 — 2009 4,621
2006 — 2009 259
‘06-'09 avg. ~65

N

e
\

0

2000 2001 2002 2003

2004

2005 2006 2007 2008

Year

2009

2010

Large Missions

*Apollo = 13 (6 yrs).
*Shuttle - 135 (30 yrs).
°ISS > 105 (13 yrs).
*GPS - 62 (33 yrs).

*SBSP(GW) ~ 100 (<10 yrs)

Virgin Galactic ~ 70 (suborb)

«~15 Total US Launches/Year (1/4 of World). MIL & non MIL Roughly Equal.
*Historical Trends and Candidate Applications Require Few Launches.

Distribution A: Approved for public release; distribution unlimited.
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\ J MIL and CIV Space
\.\,,/ Where To?

2000 — 2010 Launch Destination (Military) 2000 — 2010 Launch Destination (Civilian)

Highly Elliptical Highly Elliptical
7%

4%

LEO 50-85 deg
LEO< 50 deg GEO 6%

10% 27%
LEO< 50 deg
9%

|LEO 50-85 deg
12%

|[Earth Escape
19%

GPS
24%

sLarge Range of Destinations Required for Missions.
*Not Condensable to Single Site and Venhicle.

Distribution A: Approved for public release; distribution unlimited.
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\/\ MIL and CIV Space
3 How?
2000 — 2010 Launch Vehicles (Military)

Titan I Athena Deltaly  Titanll Falcon |

Fa |3c(;>n I 2% 1% 5% 2% 1%
(]

Pegasus
4%

Minotaur/Taurus

Deltall 5%

28%
DeltalV
11% Deltall
Pegasus XL 41%
11%
Atlas 11/111
11%
\T'E{,‘/N Atlas V Atlas I1/11
Minotaur /Taurus ? 15% 20%

12%

«~10 Vehicles for MIL and CIV launches.
*No Launch Vehicle Used More than 5.7x per Year (Delta Il).

Distribution A: Approved for public release; distribution unlimited.
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\ J “The” Problem
\w/ Launch Costs

© Europe © Russia C Japan @ China © UsA

100000 (area of circle is proportional to launcher payload mass capacity)

PEGASUS  ARIANE

TITAN I

\‘w Ry ',
° DELTA Tavrus ARV AL DEB\ I
] / MINOTAUR
PROTON S ATLAS I
TITAN Il A - y \ s
- Q DNERGA _ ) \ 2B ATLAS V
EUS/RCS ) ook
() U=

@ LONG MARCH CZ-2C ® éb e DELTA IV

10000

§ covus cz-3 ATLAST @ezaa
§ TSYE‘,LO” > 0O ZENIT2 . cz-2= e -
o g
; {
& =
5 Inelastic demand 5
s g °
2 1000 g
._g
; Modest demand elasticity .3A prlce for transport
g -$23M for 30 day stay.
= . Selfreinforcing cycle:
Elastic demand e *America’s Space Prize.
Matu:mlg technology 1
.. * Economies of scale .Man Rated'
100 Energy and propellant cost becomes significant
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
Year of First Launch

»1/10 Cost May Yield Market Elasticity and Further Reductions.
*1/10 Cost May Also Enable Candidate Markets.
- Reduce Launch Costs by One Order of Magnitude. (At Current Rates)

Distribution A: Approved for public release; distribution unlimited.
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Cost of Launch

$5,000 (Taylor: AlIAA-2004-3561) . Re usab| ||ty
T -Payback (~10s).
— g $3,000 - - F--—--- ] 'ngh RElIablllty
;% g oo -Shuttle: “Weekly Launches”
"% | | -Inspect & Rebuild.
e B R «SSTO
$0 = = — -LOX/LH,: m¢ < 10%
R&D TVehicle Ops  Risk Prop. -Advanced Structure/Tank.
ZERO%ﬁ?&&%AilUﬁS%%%ﬁTTEHO LaunCheS _Aerosplke
(RY 5 IN BILLIONS) $3 2 B|"|on “y . .
98— —— gy -Sensitive Design Space.
. (1 Launch et
e = /:H:;fff‘-}i;_:'_f i iy Reusable & SSTO do not guarantee $ savings.
- e Can We Avoid Launching?
e Reuse orbital mass > DARPA Phoenix.
BTN R : -> MDA Corp-
RV fmd AR WA, R RIS BRE BT 08 R *Avoid launching - Lockheed Martin HAA.
R&D, Vehicle, Operations, and LAUNCH RATE.

Distribution A: Approved for public release; distribution unlimited.
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'Recent and Future Options

300 - “Conventional Design”
Mpay = 10,450kg (LEO)
Cost = $56.0M
Lox/RP1 PS
250 A Simple Design.
Limited Parts. W -7
2 successes. E‘&"
g 200 - > 30 sch. (9 2017)
=
v
+ 150 4
o
o
i - : L
c My g0 = 6 100kg
0=
& 100 - pLE(2016)
50 -
0 _P T T T T 1
0 5000 10000 15000 20000 25000
Payload to 185km, 28.5 deg (kg)

*Recent/Active Launch Vehicles Follow Trend and Haven't Improved Towards Goal.
*Near-Term Solutions Hope to Demonstrate Improvement, but do NOT Achieve the Goal.

Distribution A: Approved for public release; distribution unlimited.
PA Clearance Number XXXXX 18




3. The nanoLaunch
Problem

Distribution A: Approved for public release; distribution unlimited.
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*Nanosatellite: mg,; = 1 — 10kg.

*Cubesat: Adheres to specs.
-Simplified Design.
-Specified Release.
-System Unification.

*Very Short Time-Scales.

*Very Low Cost.

*Accept Higher Risk.

Limited Functionality, Propulsion.

*Dropped off in Wrong Orbit with Little/No Propulsion.

Need Dedicated Nanolauncher.
*Must Maintain Paradigm
-Simple, Responsive, Very Low Cost
BUT
-Cost/kg increases with decreasing size.
-Uncertainties = hard to accurately deliver.

Launch Cost ($ Million)

300 -

250 -

N
o
o

150 ~

100 ~

50 -

0

."0’/

-
-
-

—

$20.5M to launch nothing!

0 5000

10000 15000 20000

Payload to 185km, 28.5 deg (kg)

*Real need for responsive, cost effective nanolaunch.

*Acceptable solution possible in near term.
*Better solution needed for long term.

Distribution A: Approved for public release; distribution unlimited.

“Conventional Design”

25000

2-Stage NLV

LOX/Densified C;Hg.
d=0.65m

h=7m

Thg, = 20kN

Ispg; = 212s

Cost ~ $1M.

10kg to 250km polar.

PA Clearance Number XXXXX

Garvey Spacecraft
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4. Advanced Concepts
for Launch

New Combustion Reactants
*Advanced Propellants/Oxidizers
*Air Breathing Concepts
Onboard, but Separate Enerqy Storage
*Nuclear Thermal Upper Stage
Beamed Energy

«Solar Thermal Upper Stage
eLaser Booster

*Microwave Booster

Launch Assist

*Gas Dynamic Guns

*Railguns

Mechanical Assistance
*Space Platforms and Towers
«Space Elevator

Breakthrough Physics

Not Covered

*Skyhook

*Space Escalator
*Rotovators
*Orbital Ring
eLaunch Loop
*Space Fountain
*Maglev

*Ram Accelerator
Slingatron

Distribution A: Approved for public release; distribution unlimited.

PA Clearance Number XXXXX
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mm Performance

Rank #1

Rank #2 ??7? ?2?7?
Difficulties
-Large uncertainties.
Uncertainty > Advantage.
-Large changes in deS|gns

SPACE SHUTTLE
CONCEPTS

-Rough performance estimates.
-Cost models inadequate.

Evaluation Technique

*Simple, Systematic Evaluation.
-Fundamental & Rules of Thumb.

*Subset of Probable & Visible Technologies.

*Accept Researcher’s Estimates.
1. Technical Feasibility.
2. Current Status. (Magnitude of Scaling).
3. System Advantage.

-$/kg for payload > 500kg

-$/kg for payload < 10kg (Nanolaunch)
Only technical considerations

Technlcal Feasibility

LTF . Force:
nTF | . Force
Magnitude of Scaling
nMs | : (100X 10-100x
Lms | : (0058 (10-100x
Cost Advantage
LcA | : (INSHEN ( Net?
nCA | : (BNGREN [ Net?

Distribution A: Approved for public release; distribution unlimited.
PA Clearance Number XXXXX
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Advanced Propellants

Concept Description

Pros

Cons

Lithium-Fluorine-Hydrogen

¥

1000 1
T —7500K Higher stored energy. i sLow m usually low p.
900 Iy, o< \|— :Zgggﬁ «Higher reaction temp. 1 *High E/m less stable.
__ 800 m -3000K «Higher specific impulse. E *Propellant reactivity.
8 00 sLess fuel. i\ *Much more expensive.
3 N *More payload or smaller ! *May need new nozzles.
E_GOO N ‘k - vehicle. ! Many requirements to
S 500 * | “Fewer stages > SSTO. ' meet.
E.E 1
5] 1
& 400 1 Theoretical Isp :
Gamma=1.15 |
300 1 pp2 = 750 !
200 ; :
5 10 15 20 25 30 !
Exhaust Molecular Weight
Exemplar Status Envisioned Design
u E/ 138MJ/k
Li/F,/H, | : ¥ r/nmI_HI__ 3 Jig
60:1 Nozzle. ) r HZ 'mht _ 50
Included Mixing. eignt =obm
Isp = 509s Mpo==2SMIT
P =750 psi GLOW = 126MT
c ~ (o~ bSia T, = 3240K
Th = 8,896N ch —
Isp =911s

PA Clearance Number XXXXX

Cole: mH Concept

Distribution A: Approved for public release; distribution unlimited.
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7  Air Breathing Concepts

Pros

Concept Description

Cons

1 *Multiple modes required.

8000}~ Moy > Mpay «Use atmospheric oxidizer. ! : (

_ «Avoid bringing O,. :-FIO\_/\{ path integration.
& ] Hydrogen Fuel (30% for STS). t+Ignition/Transition.
8 6000 Hydrocarbon Fuel *More payload or smaller !*Low Thrust-to-Weight
3 vehicle. ' (2vs. 75)
2 4000 *Advertised at reusable.  }*Longer flight times.
g *SSTO” reAero-thermal heating.
g Turbojets i
2 2000 Ramijets '
- u Scramjets !

W] | | | M | | | | | | —II :

0 10 20 :

Mach Number

Exemplar Status

» Nose fairing

Distribution A: Approved for public release; distribution unlimited.
PA Clearance Number XXXXX

Envisioned Design

/' CiC + ultra foam core + C/SiC sandwich panels

Nose tip o g;i;dgngs_and intercostals
- C/C with SIC/HIC coati idz resistant costing ;
Scra m et e i s coatna Panel backed with 1 in. layer Saffil
_]_ Tinax = 3600 °F )
i — Sliding centerbody
°hyd rocarbon 7 [ €I osted with SI/HIC blend
S | Tmax = 2000 'ch ading o
— F — i s
O h - 15 . 2 km oo E%:Ewcom_ |ee.::m E;H;e .
L .040 in. leading edge radius
[ ] = _— [+ k & Insulati Active internal fi
M=45->5. ey s Toam = 20
.120 kg Of J P—? . ?in. A'lax?:;'ynirﬂula‘tinnwi'lh minimum --”g}gg‘, uftra foam core +
of 3 layer of radiation shielding on top C/SIC sandwich panels
— oated with SiC/HIC
At = 14OS 136kg to LEO Bland C/0 spalrssndribs
L=7.9m. ~$330M for Wis esdng oises
sub-scale 0.040 in. leading edgemdus B Aft fuselage
[ ] = Iy CIC + ultra fio:
Myry = 1814Kkg. flight ‘o™ | G s
Engine mg S:Gdgngs_mnut’?pmds
demonstrator Crgfuhr_afuam ::ur_\ai—Cl"Si:sandwimpanel stl'lelbrf::lhedwc;; g
Owide resistant coating 1 in. layer Saffi
X-51 WaveRider GTX

Es&ﬁc“ ‘_@09,,

— Eval. —

f Al

Lazarus (G.Tech): $15,000/kg @ 12/yr!, ~$6B to first vehicle.
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Propellant: Nuclear

Concept Description Pros Cons — Eval. —
*Fission: 7 x 10"3 J/kg *Separate energy storage E eInert mass.
*Fusion: 6 x 10" J/kg and ejecta. ' sExpensive. -
*~107 — 108 > chemical *Optimized ejecta. ''eHigh T Hydrogen.
-— -— *High Isp | *Radioactive Plume.
Turbine pump *High T & High Isp upper , *Sociopolitical Concerns.
*Reduce 15t stage size. X
Liquid *Enabling for larger :
hydrogen interplanetary missions. |
LCA
1
Nozzle — Nuclear reactor :
Exemplar Status Envisioned Design — |
Hexagonal Fuel Elements Thst e re From
Met requirements for manned Ny -
Mars mission. st Vet 3 N\ Pebble Bed
Total test time 115 minutes, 24 R ~ samsyeen | Radioactive Plume
starts. _m | Th/W ~25-35:1
Saturn upper stage: 155,000kg B Tex = 2750K -
to LEO. Feasor = Isp = 925-950s
Full power test @ 1100MW. e eessevesey | 1N = 0.2-0.37MN
Toore: 2272 K. Pewmicet |t = 200-1050s
25,000 — 250,000Ib thrust are _ -
validated. o
NERVA NRX SNTP

Distribution A: Approved for public release; distribution unlimited.
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" Solar Thermal Upper Stage

Pros

Concept Description

ISUS > ->-> SOTV

Cons

*Upper stage: propulsion
and power for satellite.

*More responsive than EP.

*Moderate Fy, high 7.
«Step-down launch vehicle
*Save up to 60% cost.
Titan IV - Delta Ill save
~$200M.

eLow mass power system
*Thermal storage

*No safety/political issues
*Technology proven in
ground tests, TRL = 6.

*High T operation.

*H, storage, but
methane and ammonia
are higher density, lower
efficiency options

+0.1 degree pointing
accuracy required
sTemperature change
during thruster firing
*May require batteries
as well.

Exemplar Status
Full ground test

completed in 1997,
TRL=6.

*117 burns, 2-27 min
*320 hours RAC at T
*ls, =758's

.Texhaust > 2000 K
*90% effective heat
exchanger

management, solar concentrator, and cryogen

feed/storage

ISUS EGD @ NASA LeRC

Enwsmned Design

Propulsion, RAC, power

systems validated by EGD.
Space test planned, 1999...

sVarious sizes envisioned

14,400 kg, 5000 kg payload

*160 N @ 800 s Isp
«30 days LEO — GEO
*15,000 W @ 100 W/kg
thermionics

Uses: Upper stage that stays with satellite,

refuelable/reusable stage,

satellites, delivery to ISS.

move defunct or stranded

nTF

§:

Distribution A: Approved for public release; distribution unlimited.
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\ Z Beamed Energy
3 Laser

Concept Description Pros Cons — Eval.
/__@ = sLeave energy storage on ' sLow Density Propellant.
_.
. e e o ground. *Power Levels

ata LEO assembly faclity To GEO Moon, Mars Spdm Eunm\ nd ,/f/‘

e s o *Better optimized ejecta.
; = " *Higher specific impulse.
*Many candidates:

~1MW/1kg in LEO.
*Many Individual Sources.
*High Installation costs.

«Fixed Installation. -
*\Weather Limited.

Individual beams from
—— i | 1. Heat Exchange
discard asroshell add incoherenty at

the ahice I 2. Plasma Formation

top of atmosphere

e AT :'} - 3. Laser Ablation sLaser Clearinghouse.
e 1] e 4. Photon Pressure *Aiming/Tracking.
Failed modules do I/ also ba mused i
not afect launch /| ;;‘ l 'SSTO
R e Boam [/ *Reusable
. Lanched. (100" 0ooounts) il EEEﬂ o s Sl
~100 e ndemey Y Recowry

propulsion, et

L1 O

Vehicle prep  Payload handling

Araycontol [ poyrargenaration’
enargy storage

Exemplar Status Envisioned Design

L\J’or\mh.l ¢
10kW Pulsed CO, Laser. ity | : Multiple 10kw fiber

m = 20629 ) | 2 lasers
- ( LH2 Tank 95 o
d - 12.2cm. el ) 120-160MW total
h=71m. J e
> ¢ A laser power.

. )
Spln > 10,000rpm . = ,L Pump drive motor
ump | Piston expander) < "
AT = 12 7S . 5.5 Mfl‘n out E ' o R 400km

|| PIA = 10MW/m?

Heat exchanger < “I:“L“ITT:LI:;:F{ - Texit = 2000K

Pump drive taps / Attitude-control GLOW = 2800kg
= 80-100kg.

it~ 1000 K pay
Dense propellant SyStem COSt -~ $2
injected post-HX ong
Pump drive BI"IOﬂ

exhaust nozzle Y

Main nozzle

Lightcraft HX Laser Launch

Distribution A: Approved for public release; distribution unlimited.
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Concept Description (Parkin)

Microwaves

Pros

Beamed Energy

Cons

Exemplar Status

Envisioned Design

AT Propellant: LH,

P=1MW ; " ISp,4c- 800 -
f=110 GHz £ . Th/W: 50
At=0.175ms z 5E m,o: 636kg
C,, = 395 N/MW. & M, 30Kg

£ 5% pay
m=9.5-19.5¢g ™ HX size: 3.3x6.7m -
Ax = 30cm " Pux: 140MW
h<0.5m 2 - fow: 170 GHz
V, < 3m/s 5 _ He e BF Cost: $760M -

B — N *Mass & Energy on ground.i Low density propellant.
] *Better Optimized Ejecta. ! *Power Levels -
- *More Payload. ' ~1MW/1kg in LEO.
) sLow Consumables Cost. | <High installation cost.
J - & *SSTO. ! «Fixed installation.
—9 by, = *Reusable. ! «Many sources required. -
W 3 *Thorough System Analysis, *Beam attenuation.
//////////7 . *Weather.
( / -Plasma Formation !
: % -Heat Exchanger !
5 - 15 rop et -SRM Augmentation ! -
0 km 200 km E

Oda

Microwave Thermal Rocket

Distribution A: Approved for public release; distribution unlimited.
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Launch Assist
Gas Dynamic Gun Launch

Concept Description Pros Cons

*High T,P Operation.
*d,cak ~ 9,000 gees.
*Vimax ~ 3km/s

*Fixed installation.
*Aero-thermal Heating.

*Mature technology.

*Mass & Energy on ground.
*Payload mass fractions.
eLow consumables cost.

LMS

Newton
Exemplar Status Envisioned Design — |
Stage 1: Ga_s Dynamic Gun MARTLET 3 éL «Gun adequate.
Stage 2: Solid Rocket Motor oL = .
_____________________ s . *Martletimprovements. -
*570 HARP Shots. g I
. +Demonstrated payloads. : ﬁ\ﬁ%ﬂ Shot = 1300kg
*h ~ 180km - = 90kg (LEO)
oV ~ 3.6km/s 'V 1.2 —1.8km/s
*Atreioad ~ 1 hour mee peak 5 000 geeS
*Cost ~ $3000/launch .
eInstallation cost: $2M (1960s) Project Babylon
---------------------- 2,000kg to 200km nCA

| s our s for $600/kg.
HARP & Martlet 4

Distribution A: Approved for public release; distribution unlimited.
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\/ Launch Assist

Concept Description Pros Cons — Eval. —
. Sliding Contact  Insulator *Mass & Energy on Ground.! eHigh Acceleration.
urrent (l) / . ! . .
R T s ] sIncreased Payload Fraction; <High Installation Cost.
i craanele el B): ;PR Foree®> Low Consumables Cost. ! sPulsed Power System LTF
1 Namawee  \ Fast Cycle Time. Must be Developed.

Current Density (J) = I+Area”
F =J x B = mass « acceleration

*Aero-thermal Loads.

*Fixed Installation.
eHarsh Environment. -

Envisioned Design

*V > 7.5km/s, E > 10GJ, my,, = 250kg, L > 1km,
System cost > $1B, 10,000 launches > $530/kg. -
Evacnated Lannch Tube
. Flight Bc}' ‘. Containing
Augmentation ’ g Railgun Accelerator
Crossover ~10 MWe power plant to @
provide Iu}mch power
IAT-UT
5.49g projectile =
= Augmenting Rail
Vex 5.2km/s Breech High (2 to 3 km)
L = 7m launcher mountain on or
Eex = 73kJ Pre-Injector Power Supply —— near the Equator
IAT-UT IAT-UT

Distribution A: Approved for public release; distribution unlimited.
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Space Platforms and Towers ¢ ’\; Z

Concept Description Pros Cons — Eval. —
. N I
70 :ggfe‘ﬂ:;f’é:grg‘e“ Energy +Above atmosphere. ' «Extreme materials
—Tolal Mechanical Energy *Above winds. ' requirements. -
S sMinor AV benefit. ' sMust Support Launch
B 50 | *Multiple candidates. i Vehicle & Launch.
s 1. Solid i *Winds/Weather.
2 2. Inflatable ! «Single Launch Site. -
S 20 rrrEr————_ - - oo oo 3. Electrostatic |
g Pegasus oo 1
G207 voun AT |
Everest \
N / L | [LcA]
1
0 - - |
1 100 1000 10000 100000 1
Altitude [km] 1
Exemplar Status Envisioned Design —m |7
v ) —_—
Worlds Tallest k Univ. h =100km

Structure (7m, Steel?
touila < 1yr
| Cost: “cheap”

Bolonkin

Distribution A: Approved for public release; distribution unlimited.
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\ Space Elevator

Concept Description

Ribbon to —>
Counterweight

Pros Cons
*No stored energy required.i sLong tether.
*No propellant/launch. tel ~ Xx Cg
sLow consumables. I «Tensile Strength
*Reusable. | (~100GPa)!

i *Installation Cost.

1 *Micrometeroids/Debris.

1 *Weather.

. *Atomic oxygen.

. *Power/Beaming Efficiency.

Envisioned Design

Space Elevator Games

CD&B -~ $1OB

h=1km

Vg = 2m/s
Npc-oc = 10%
Py = 1kw.

Celec ~ $250/kg
tpes = 15 years
1m wide ribbon.
Taimp = 8days.

m,,, = 11,800kg

LaserMotive

Distribution A: Ap|
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Cagemr atoc 7]

Woodwad MD{.*\-
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Moaty guartum
i SRR
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)

Experimental’
Status

Advantage
Demonstrated

ABroun pawwsaq o

Graity conill

Cruartum

Nachamin IF
PEBINGEN BRTHCRE

anhvufaq'
[huaion SoikyT
Ground siate
Bupptdi [

=
~
B

I E/m ~ 9x1016 J/kg

S m/year~10ng

cw

c 0 $/m~ $25B/g

2 E/Vg4o, ~ 101 part/cms3
(15kJ/N)

;‘;::ml:.ﬁ c _8 B EStOI'IEin ~ 10'10
8< 2
Brube fas! § % E
2>~ Breakthrough
e = jgo Physics
i - c s
- =9
o 52
e
= fecture | Unproven Proven Physics| Unproven |Proven Concep Calculated
S (What if?) Physics No Concept Concept No Advantage1 Advantage

enc|
SONVETSION -

Moved nuciear
prOcEEIRE
7

eLarge Number of Concepts.

«Some May be Useful for Propulsion in the Long Term.

*Nothing Immedlately Appllcable to Savmg $$3.
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N7 Summary for Launch

Concept LTF LMS LCA Primary Challenges for Launch Alternative Mission

Advanced Propellants -- Many Requirements, Harsh Conditions, Storage.
Air Breathing --- Thermal Loads, Time-scales, Th/W.
-- | System Mass, Hot Hydrogen Space Tug
--- Hydrogen Storage, Hot Hydrogen. Space Tug

Nuclear Thermal

Solar Thermal

Laser --- Aiming, Absorbing, Operations.

Microwave --- Beam Combining, Propagation, uW conversion.

Gun Launch - High gees, Power Sources, Aerothermal Loads. Rapid, Robust Payload
Railgun | -- High gees, Power Sources, Loads, System.

-- Materials, O, umeteoroids, weather, vibrations.. Asteroid Mining

Space Platforms

Space Elevator

Breakthrough Physics -- No known feasible concepts.

«Save $ “Now”. Solar Thermal Upper Stage.

*Build “Now”. NTP Upper Stage, Gun Launch.

*Research Now. BEP (Laser, Microwave), Launch Assist, Adv. Propellants.
«Avoid. Complexity, Multiple Breakthroughs,

*Alternative Missions. Space Tug or Rapid Delivery of Robust Payloads.

Distribution A: Approved for public release; distribution unlimited.
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\/Summary for nanoLaunch ¢

Concept NTF NMS NCA Primary Challenges for Launch Alternative Mission

Advanced Propellants

Many Requirements, Harsh Conditions, Storage.
Air Breathing Thermal Loads, Time-scales, Th/W.
Nuclear Thermal - System Mass, Hot Hydrogen Space Tug

Solar Thermal Hydrogen Storage, Hot Hydrogen. Space Tug

Laser Aiming, Absorbing, Operations. Rapid, Small Payload
Microwave Beam Combining, Propagation, uW conversion. Rapid, Small Payload
Gun Launch High gees, Power Sources, Aerothermal Loads. Rapid, Robust Payload
Railgun High gees, Power Sources, Loads, System. Robust, Small Payload

Space Platforms Unfeasible.

Space Elevator Materials, O, umeteoroids, weather, vibrations.. Asteroid Mining

Breakthrough Physics No known feasible concepts.

«Save $ “Now”. NONE.

*Build “Now”. Gun Launch.

*Research Now. BEP (Laser, Microwave), Launch Assist, Adv. Propellants.
*Alternative Missions. Space Tug or Rapid Delivery of Many Small Payloads.
*Cubesat Paradigm. (simple, specs., accepted risk, cheap) must be kept.

Distribution A: Approved for public release; distribution unlimited.
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